India's northward flight and collision with Asia was a major driver of global tectonics in the Cenozoic and, we argue, of atmospheric CO 2 concentration (pCO2) and thus global climate. Subduction of Tethyan oceanic crust with a carpet of carbonate-rich pelagic sediments deposited during transit beneath the high-productivity equatorial belt resulted in a component flux of CO 2 delivery to the atmosphere capable to maintain high pCO 2 levels and warm climate conditions until the decarbonation factory shut down with the collision of Greater India with Asia at the Early Eocene climatic optimum at Ϸ50 Ma. At about this time, the India continent and the highly weatherable Deccan Traps drifted into the equatorial humid belt where uptake of CO 2 by efficient silicate weathering further perturbed the delicate equilibrium between CO 2 input to and removal from the atmosphere toward progressively lower pCO 2 levels, thus marking the onset of a cooling trend over the Middle and Late Eocene that some suggest triggered the rapid expansion of Antarctic ice sheets at around the Eocene-Oligocene boundary.
India's northward flight and collision with Asia was a major driver of global tectonics in the Cenozoic and, we argue, of atmospheric CO 2 concentration (pCO2) and thus global climate. Subduction of Tethyan oceanic crust with a carpet of carbonate-rich pelagic sediments deposited during transit beneath the high-productivity equatorial belt resulted in a component flux of CO 2 delivery to the atmosphere capable to maintain high pCO 2 levels and warm climate conditions until the decarbonation factory shut down with the collision of Greater India with Asia at the Early Eocene climatic optimum at Ϸ50 Ma. At about this time, the India continent and the highly weatherable Deccan Traps drifted into the equatorial humid belt where uptake of CO 2 by efficient silicate weathering further perturbed the delicate equilibrium between CO 2 input to and removal from the atmosphere toward progressively lower pCO 2 levels, thus marking the onset of a cooling trend over the Middle and Late Eocene that some suggest triggered the rapid expansion of Antarctic ice sheets at around the Eocene-Oligocene boundary.
CO2 ͉ Deccan ͉ Tethys ͉ Himalaya ͉ Eocene M odern-day glacial climate, characterized by polar ice at sea level, is the long-term cooling derivative of a Cretaceousearly Cenozoic world dominated by warm conditions and the general absence of ice sheets (1, 2) . The zenith of global warmth in the Cenozoic (0-65 Ma) was reached at Ϸ50 Ma during the Early Eocene climatic optimum (EECO) as the culmination of a Late Paleocene-Early Eocene (Ϸ60-50 Ma) warming trend in oceanic bottom waters (3) (Fig. 1A) . The EECO was characterized by the widespread occurrence of cherts (4) (Fig. 1B) and reflected in warm climate conditions at even extreme high latitudes (5, 6) . A persistent cooling trend ensued over the Middle and Late Eocene that eventually plummeted into a glacial climate mode with the inception of major Antarctic ice sheets at Oi-1 near the Eocene-Oligocene boundary at Ϸ34 Ma (7). Changes in ocean circulation and heat transport related to the opening of Southern Ocean gateways (8) occurred well after the start of the cooling trend at Ϸ50 Ma and do not seem to adequately account for inception of Antarctic glaciation according to recent climate models (e.g., refs. 9 and 10). Instead, reduction in greenhouse gas concentrations is the more likely fundamental cause of Antarctic freezing and global cooling (10) . This is supported by the occurrence of high (albeit highly scattered) pCO 2 estimated values of Ͼ1,000 ppm at around the EECO (e.g., 11, 12; see also ref. 13 ) and generally low (Ͻ500 ppm) pCO 2 estimated values after Oi-1 that followed a decline that more or less parallels the long-term temperature record (14, 15) (Fig. 1 A) . However, what triggered the global cooling from the EECO to Oi-1 (and thus the cause of the long-term decrease in pCO 2 ) is unclear (16) .
The BLAG model (17, 18) postulates that long-term changes in pCO 2 and resulting climate were driven primarily by variations in mantle outgassing tied to global seafloor production rates. However, a constant rate of ocean floor production since 180 Ma cannot be excluded based on the observed age distribution of preserved oceanic crust (19, 20) . For example, almost 50% of oceanic crust that formed since about the beginning of the Eocene (Ϸ55 Ma) has already been removed by subduction (D. Rowley, personal communication) so that estimated changes in production rates (e.g., 21, 22) are perforce based on increasingly severe and usually ill-constrained extrapolations for missing oceanic crust. Alternatively, Raymo and Ruddiman (23) proposed that uplift of the Tibetan Plateau induced increases in chemical weathering that resulted in a general drawdown of pCO 2 that cooled global climate. However, the seawater 87 Sr/ 86 Sr isotope record preserved in marine carbonates (24, 25) , which was assumed to be a proxy for chemical erosion rates, does not show a pronounced increase until Ϸ38 Ma and 87 Sr/ 86 Sr values were comparatively stable or even decreasing before that time (3) (Fig. 1B) , making this mechanism unlikely as an explanation for the long-term cooling that started at Ϸ50 Ma.
We suggest that high pCO 2 levels and the associated major turnaround in early Cenozoic climate at Ϸ50 Ma were closely related to the convergence of Greater India (hereafter simply referred to as India) with Eurasia in the equatorial climate belt. According to this hypothesis, the warming trend that culminated at the EECO was sustained by release of CO 2 from subduction of carbonate-rich pelagic sediments deposited in the highproductivity equatorial belt on Tethyan seafloor between Eurasia and rapidly converging India (Fig. 1C) . The subsequent cooling trend resulted from the closure of the Tethyan CO 2 factory and the broadly concomitant onset of efficient drawdown of pCO 2 from chemical weathering as the India subcontinent, and especially the highly weatherable Deccan Traps, drifted into the equatorial humid belt ( Fig. 1 C and D) . The EECO thus seems to broadly coincide with a turning point in the long-term delicate balance between the rate of volcanic input of CO 2 and the rate of chemical weathering of silicates and deposition of carbonate that ultimately removes CO 2 from the oceanatmosphere (17, 26) .
Drift of India and Collision with Eurasia
We applied an apparent polar wander synthesis (25) and paleomagnetic data for the Asian blocks (mainly Tibet) (27) , in conjunction with a plate kinematic model (28, 29) , to reconstruct the paleogeographic evolution of India and surrounding continents over the Mesozoic-Cenozoic. India resided in the southern hemisphere for much of the Mesozoic era as part of the Gondwana supercontinent (30) , which began to disperse with the opening of the Somali basin during the middle Jurassic (31) and the separation of East Gondwana (which included India, Mada-gascar, Antarctica, and Australia) from West Gondwana (Africa and South America). India with Madagascar separated from Antarctica at Ϸ120 Ma and commenced its long northward journey toward Eurasia. The synthetic apparent polar wander path of Besse and Courtillot (25) , compared with paleomagnetic poles from the Rajmahal (Ϸ117 Ma), Madagascar (Ϸ90 Ma), Deccan (Ϸ65 Ma), and Ethiopian (Ϸ30 Ma) traps as reliability checks, charts the drift history of India with respect to the geographic axis since the Early Cretaceous (Fig. 2) . Rapid polar motion of India ensued at Ϸ90 Ma after separation from Madagascar and lasted up to Ϸ50 Ma on collision with Eurasia. Major outpourings of the Deccan lavas with an estimated eruptive volume of up to 4 ϫ 10 6 km 3 (32) occurred over a Ϸ1-Myr interval at Ϸ65 Ma, although the contribution of CO 2 to the atmosphere was apparently relatively minor (33, 34) . Detailed plate kinematic reconstructions (29) show that India was converging with the southern margin of Eurasia in Tibet, a terrane accreted to Eurasia before the late Jurassic (35) (29) , located at a paleolatitude of 13°Ϯ 6.5°N in the early Cenozoic (37) .
These findings from paleomagnetic and plate kinematic data on the onset of India-Eurasia collision find confirmation and refinement from geologic constraints. The end of marine sedimentation and the first onlap of fluvio-deltaic sediments and redbeds on the Indian northern passive margin in the western Himalaya is dated as foraminiferal Zone P8 (38) , correlative with Chron C22r of latest Early Eocene age [Ϸ50.5 Ma (39, 40) ]. This first direct timing constraint on the initiation of collision between India and Asia has stood up well (41) (42) (43) and is supported, for example, by field studies in northwest Pakistan, where the suture and Indian craton were overlapped by shallow-marine strata of latest Early Eocene age (Zone P9), showing that suturing was largely completed by Ϸ49 Ma (44) . Evidence of subduction and final collision derives also from the occurrence of island arc volcanics and related intrusives, and massive calc-alkaline plutonism associated with the last major pulse dated at Ϸ50 Ma in the Ladakh Himalayas, for example (45) (46) (47) .
Tethyan Subduction Factory
The subduction of several thousand kilometers of Tethyan oceanic crust associated with the northward drift of India from the time it separated from Antarctica at Ϸ120 Ma and Madagascar at Ϸ90 Ma until incipient collision with Eurasia at Ϸ50 Ma occurred within the time frame of the shift at Ϸ145 Ma from predominantly shallow water to pelagic carbonate accumulation in the world ocean (48) . Significantly, the southern margin of Tibet (Eurasia) maintained relatively stable northern hemisphere paleolatitudes all this time, from Ϸ10°N in the Cretaceous (27, 37) to Ϸ13°N in the early Cenozoic (37), implying that sediments (4), where peak at Ϸ50 Ma is thought to reflect enhanced chemical weathering during EECO. (C) Changes in paleolatitude of the N-S extent of eventual (light shading) and erupted Deccan Traps (darker shading) as India drifted northward. Also shown is the N-S extent of the subducting Tethys Ocean calculated between southern Tibet and the northern margin of Greater India; error bars from paleomagnetic data of ref. 84 for India and ref. 27 for the Asian blocks. A zonally averaged model profile of evaporation (E) relative to precipitation (P) for 8 pCO 2 with an idealized geography (59) was used to approximate the position of the humid (PϾE) and arid (EϾP) belts. (D) Changes with age in the continental land area within 10°of the equator as the continents drifted, showing a gradual decrease from at least 90 Ma to 30 Ma followed by a steady increase from 30 Ma to the present for most of the world's continents when India is excluded (curve labeled Global-India) but when India is included (curve labeled Global), its northward drift resulted in a peak in equatorial land mass centered at Ϸ55 Ma. (Fig. 1C) where high productivity and enhanced deposition of biogenic sediments is likely to occur (49) . When subducted, this carpet of equatorial bulge pelagic carbonates would be prone to metamorphic decarbonation, augmenting the global flux of CO 2 to the atmosphere (50, 51). Calc-alkaline magmatism of Cretaceous-Eocene age related to Andean-type and island arc subduction of Tethyan oceanic lithosphere occur over Ͼ2,000 km from the west (e.g., Karakoram, Ladakh) to the east where they constitute the backbone of the Transhimalayan belt (e.g., 38, 45) . The net yield of metamorphic CO 2 from the Himalayan orogen itself is debatable (52, 53) , although sampling of hot springs in Nepal indicate that there may be a net positive flux of CO 2 to today's atmosphere (54) . More generally, 3 He data suggest that Ϸ80% of the CO 2 flux at global convergent margins is derived from slab metamorphism (55) . The persistent subduction of carbonate-rich Tethyan sea floor should thus have constituted an unusually productive factory of metamorphic CO 2 that most probably acted as a principal agent of long-term warming in the Cretaceous and early Cenozoic (56) .
Weathering of Deccan Traps in Equatorial Humid Belt
The Tethyan subduction factory of CO 2 must have radically reduced its production with the collision and marked decrease in convergence rate between India and Eurasia, which broadly coincided with the acme of Cenozoic warmth (and presumably peak pCO 2 ) at the EECO at Ϸ50 Ma. At about the same time that the India-Eurasia collision was occurring, the silicate weathering machine went into higher gear as India entered the equatorial humid belt (Fig. 1 C and D) . Today, the equatorial humid belt, where mean annual precipitation exceeds evaporation (P Ͼ E), is on average 15-20°wide in latitude and shifted several degrees northward because of interhemispheric temperature asymmetry (57, 58) . Although the precise latitudinal registry may have varied in the geologic past because of different continental distributions, the overall latitudinal width of the equatorial humid belt may be a stable feature of global climate. This is suggested by climate model calculations showing relatively similar latitudinal patterns of P-E for pCO 2 values ranging up to 10 times the preindustrial level (59) and is supported by the paleolatitudinal distribution over geologic time of evaporites, which is approximately the same as occurs today (60) . We use a zonally averaged P-E latitudinal profile calculated for 8 ϫ pCO 2 with an idealized geography (59) for the approximate position of the equatorial humid belt in the early Cenozoic (Fig. 3) .
At the onset of the Cenozoic (65 Ma), the amount of Indian continental crust transiting through the equatorial belt (10°S to 10°N) was only Ϸ3% of the global continental crust, but at about the time of incipient collision it boosted to values on the order of Ϸ20% (50-55 Ma) and then eventually decreased to Ϸ5% toward the close of the Eocene (Ϸ34 Ma) (Fig. 1D ). This should have represented a perturbation of the global weathering regime considering only the granitic continental crust, but piggybacked on the Indian continent was the Deccan Traps, with an estimated original surface area of Ϸ10 6 km 2 or double what remains today (32) , that entered the equatorial humid belt at Ϸ55 Ma and dwelled thereabout for Ϸ20 Myr (Fig. 3) . Basaltic rocks like the Deccan become potent carbon sinks when exposed to terrestrial weathering and consume 5-10 times more atmospheric CO 2 than granitic rocks under similar conditions (61) . The highly weatherable Deccan Traps (62) must have suffered intense weathering when they entered the equatorial humid belt, because CO 2 consumption rates for basalts from today's equatorial humid regions (e.g., Java) can be an order of magnitude greater than tropical arid regions of comparable mean surface temperature (e.g., Parana) (63) . Moreover, the equatorial region was likely to have been especially hot and humid in the Early Eocene with the high pCO 2 levels. Evidence of intense ancient weathering of the Deccan Traps is indicated by the formation of thick, mature laterites preserved at high elevations with Eocene magnetization directions (64, 65) .
Osmium isotopes are sensitive to inputs from unradiogenic extraterrestrial and mantle sources (low 187 Os/ 186 Os or 187 Os/ 188 Os ratios) compared with the dominant background radiogenic contribution from riverine sources (high 187 Os/ 188 Os ratios). In an Os isotope record for the entire Cenozoic in a slowly deposited deep-sea sediment core (66), a spike of low Os isotope values was associated with an extraterrestrial impact event at the Cretaceous-Tertiary boundary (KTB). In a higher-resolution Ocean Drilling Project sediment core (67), the spike of low Os isotope values at the KTB could be differentiated from a decrease due to Deccan volcanism that apparently started Ϸ0.5 Myr before the KTB, whereas sustained delivery of unradiogenic Os from weathering of Deccan was thought to contribute to relatively low Os isotope values for several million years after Deccan emplacement. A distinct decrease in Os isotope ratios was also found at Ϸ50-55 Ma in the slowly deposited deep-sea sediment core and attributed to weathering of Tethyan ophiolites that became exposed during the India-Eurasia collision (66) . Alternatively, we suggest that this decrease in Os isotopes could be due to enhanced weathering of the Deccan Traps when this large province of continental basalts drifted into the equatorial humid belt at Ϸ55 Ma. The marine Sr isotope record hardly shows any change associated with this proposed weathering event (Fig. 1B) and even the emplacement of the Deccan Traps is marked by only a small inflection in the Sr isotope record (68) . Instead, marine Sr isotope values seem to be more strongly influenced by the exhumation of radiogenic rocks, such as leucogranites, in a massive orogen like the Himalaya (69) . The sharp increase in marine 87 Sr/ 86 Sr values at Ϸ38 Ma (Fig. 1B ) suggests that vigorous erosion and weathering of rapidly exhumed Himalayan silicates (70-72) may have taken over as an important CO 2 sink as the Deccan Traps footprint began to creep out of the equatorial humid belt (Fig. 3D ).
Caveats and Conclusions
The apparent trend of decreasing pCO 2 over the Middle and Late Eocene may have reached sufficiently low levels to have triggered the rapid expansion of Antarctic ice sheets at around the Eocene-Oligocene boundary (10, 14) . However, the strong variability (and associated uncertainties) superimposed on the decreasing trend in pCO 2 ( Fig. 1 A) suggest that other processes, such as changes in heat transport from the opening or closing of oceanic gateways (e.g., 8, 73) , also helped steer global climate. This may have been the case especially once pCO 2 decreased to around modern levels in the Oligocene and long-term changes in pCO 2 and global climate became less obviously coupled (14, 74 ; but see ref. 75 ).
In conclusion, the equatorial convergence of India hypothesis suggests that high pCO 2 levels and warm global climate that culminated in the EECO at Ϸ50 Ma can be attributed to enhanced CO 2 recycling from prolonged subduction of pelagic carbonate-rich Tethyan crust rather than to increased mantle outgassing tied to global oceanic crust production rates (e.g., 17, 76) , which some analyses suggest may not even have varied significantly over the past 180 Ma (20) . The subsequent decrease of pCO 2 levels and parallel cooling trend in the Middle and Late Eocene can thus be attributed to the shutdown of the Tethyan decarbonation subduction factory when India collided with Eurasia. However, although CO 2 -driven weathering feedback (26) provides the most plausible thermostatic control on maximum temperatures (77) and, for example, has prevented a runaway greenhouse atmosphere, the weathering thermostat may not work so well in limiting minimum temperatures in the apparent absence of coupling between CO 2 consumption and tectonic forcing of weathering, for example, due to mountain building (70) , paleogeography, and climate zonality (78) . A case in point is the drift of India into the equatorial humid belt where we suggest that runoff-enhanced continental weathering, especially of the highly weatherable Deccan large igneous province (61), introduced a CO 2 sink that may have tipped the delicate long-term carbon cycle balance toward a glacial mode. Atmospheric CO 2 levels from late Pleistocene ice cores show a long-term trend of up to 22 ppm over the past 610 kyr, providing evidence for a close long-term balance between the supply and uptake of CO 2 that supports the role of CO 2 -driven silicate weathering feedback (79) . However, a simple projection of this trend over timescales of tens of million years would suggest that atmospheric CO 2 levels could vary by a factor of 2 or more because of an underlying slight imbalance between CO 2 input to and removal from the atmosphere. In other words, small residual imbalances over Ϸ10 6 Myr timescale that might be due to factors like variable decarbonation in subduction and changing weatherability due to the latitudinal distribution of continents and large igneous provinces can result in large drift in climate when integrated over longer (Ϸ10 7 Myr) timescales, allowing global climate to range from nonglacial conditions like the EECO to extreme pan-glacial conditions like the late Proterozoic Marinoan glaciation (80) .
